A large body of evidence suggests that exposure to common indoor environmental allergens, including the house dust mite (HDM) allergens Dermatophagoides pteronyssinus allergen 1 (Der p 1) and Dermatophagoides farinae allergen 1 (Der f 1), is an important risk factor for allergic sensitization, asthma development, and asthma symptom exacerbation (1) (2) (3) (4) (5) . Interventions to reduce HDM and food allergen exposure during the first 9 months of life have been reported to result in a decrease in the frequency of asthma, allergic rhinitis, and eczema at 12 months of age, suggesting that early allergen avoidance may indeed prevent the development of allergic diseases and asthma (6) . However, the results from a recent prospective study of German children with/without a family history of atopy (7) have led some investigators to question the association between exposure to HDM allergen and the subsequent development of asthma. A number of secondary asthma prevention studies indicate that HDM allergen avoidance measures are effective at reducing HDM allergen exposure, asthma symptoms, and bronchial hyperreactivity in asthmatic children (8) (9) (10) (11) (12) . Despite the reputed respiratory health benefits of indoor allergen avoidance, particularly for asthma patients (13) , inexpensive, practical, and effective methods for home allergen control remain elusive (14, 15) . This may be especially true for residents of low-income, urban areas, who often have limited resources available to apply toward home allergen mitigation interventions.
The objective of this study was to test the feasibility and effectiveness of inexpensive, practical interventions to reduce indoor HDM allergen levels in the bed, bedroom carpeting, and upholstered furniture in lowincome, urban homes. The primary end points were changes in HDM allergen concentrations (micrograms Der p 1 + Der f 1 per gram dust) and loads (micrograms Der p 1 + Der f 1 per sample) in posttreatment vacuumed dust compared to pretreatment values.
Materials and Methods
Recruitment, screening, and randomization. Low-income homes in the Seattle, Washington, metropolitan area were recruited through contacts with local neighborhood agencies and/or local city health centers. Eligible home types included single family detached houses, apartments in a freestanding building with three or fewer units, and apartments in complexes with three or more units. Informed consent was obtained from an adult member of each household, and the study protocol and all supporting documentation was approved by the Seattle Children's Hospital and Regional Medical Center Institutional Review Board. House dust samples collected from three sampling sites (a bed; a carpeted bedroom floor; and a frequently used upholstered sofa or chair) during a screening visit were subjected to allergen analysis. Homes that yielded "high" (defined as >10 µg total HDM allergen per gram of dust) allergen concentrations at any of the three sampling sites were randomized to one of the two intervention groups for that site.
Interventions. Intervention activities were implemented and overseen by field personnel who were extensively trained in environmental intervention methods for indoor allergen control in urban residences. Just before initiation of treatment, a baseline dust sample was collected and submitted for analysis to confirm screening sample results. Bed treatments consisted of encasement of pillows, box springs, and mattresses with HDM allergenimpermeable covers (Allergy Control Products, Ridgefield, CT) in conjunction with either professional or in-home laundering of all nonencased bedding materials.
Participants assigned to the in-home laundry group received instructions to wash all bedding materials weekly in hot water using a detergent of their choice followed by hot drying. Participants in the professional laundry group were provided with bedding materials that had been washed weekly by a local cleaning company in hot water (> 140°F) Dust sample collection and allergen analysis. Preintervention dust sample collections were performed at the screening visit and again 1-10 weeks later (mean 54 ± 7 days) at the baseline visit. Postintervention samples were collected at 3 days (carpet and upholstery only) and at 2, 4, and 8 weeks after initiation of the interventions. Indoor temperature and relative humidity were measured at each visit. Settled dust samples were collected with a Eureka Mighty-Mite 7.0 Ampere vacuum cleaner (Eureka Company, Bloomington, IL) fitted with 19-mm × 90-mm cellulose extraction thimbles (Whatman International, Ltd., Maidstone, England) in the distal end of the extension tube and a clean crevice tool. Bed samples were collected by vacuuming an area of 2 m 2 (the approximate area of a single twin-size bed) for a total of 5 min as follows: 1 min on one side of the pillow (over the pillowcase, if present); 2 min divided equally among the layers of blankets, sheets, and pads; and 2 min on the mattress surface. Impermeable covers were not removed from the mattress, if present. Bedroom floor samples were obtained by sampling a 2-m 2 carpeted floor area that included approximately 0.25 m 2 of under-bed area for a total of 5 min. Upholstery samples were collected by vacuuming 2 m 2 of upholstered chair or sofa surface for 5 min. These dust collection protocols are identical to those used in the National Allergen Survey and the Inner-City Asthma Study (16, 17) .
Dust samples were shipped to a central laboratory via overnight delivery. Within 2 working days of sample receipt, the dust was sieved through a 425-µm pore size grating, and the weight of the recovered fine dust was determined. Fine dust was extracted in borate buffered saline (pH 8.5), 2 mL/100 mg dust. Extracts were clarified by centrifugation at 1,300g and the supernatants were decanted and stored at -20°C until they were analyzed. Individual HDM allergens were measured using monoclonal antibodybased enzyme-linked immunosorbent assays (ELISAs) as described by Chapman et al. (18) . The lower limit of detection was 0.025 µg allergen/g fine dust for both the Der f 1 and Der p 1 assays. Results are expressed as both concentration (micrograms HDM allergen per gram sieved dust) and load (micrograms HDM allergen per sample).
Statistical analyses. Combined Der f 1 plus Der p 1 values were log transformed before analysis. Within each treatment group, we performed a repeated measures analysis of covariance using season (July-September, October-December, January-March) and the difference in HDM allergen levels between screening and baseline as covariates and treating time (screening, baseline, 3 days, 2, 4, and 8 weeks) as the qualitative predictor. Contrasts were constructed to compare the mean posttreatment with mean pretreatment allergen levels. Between-treatment analyses were performed similarly using a repeated measures analysis of covariance, treating temperature, humidity, and pretreatment values as covariates. We used an average of the screening and the baseline values as the pretreatment level because there were no statistically significant differences between screening and baseline HDM allergen concentrations or loads at any of the three sites. We examined the difference between treatment types by comparing the adjusted mean posttreatment values between different treatment types.
Results
Of 39 homes screened for enrollment, 19 (49%) met allergen level enrollment criteria for one or more of the home intervention sites (bed, bedroom floor, or upholstery) and residents consented to participate in the study. Of these, 8 homes were enrolled for a single intervention site, 9 homes were enrolled for two sites, and 2 homes were enrolled for all three sites. All homes were freestanding, single-family dwellings and were enrolled between July 1998 and March 1999. All homes had wall-to-wall carpeting in the study bedroom and none of the homes used a fully encasing impermeable mattress or box spring cover on their bed before enrollment into the study.
Eleven homes were enrolled in the bedroom carpet intervention arm of the study; 6 were randomized to receive intensive vacuuming only and 5 were randomly assigned to receive dry steam cleaning plus intensive vacuuming. Both interventions resulted in significant posttreatment reductions in carpet HDM allergen concentration and load (p < 0.05; Figure 1 ). In the intensive vacuuming group, mean allergen concentrations decreased from a pretreatment value of 70.3 µg/g dust to 31.0 µg/g at 3 days postintervention, but increased to 59.5 µg/g by 4 weeks postintervention ( Figure 1A) . Similarly, mean Figure 1A) . Similarly, mean HDM allergen loads decreased from 29.0 mg/sample (pretreatment) to 7.0 mg/sample (8 weeks postintervention; Figure 1B) . Between-treatment analysis revealed that there was a trend toward greater posttreatment reduction in mean allergen concentration (p = 0.07) in the dry steam cleaning plus intensive vacuuming group compared to the intensive vacuuming-only group. Importantly, only the combination of dry steam cleaning and vacuuming achieved HDM allergen concentrations below 10 µg/g dust, a level that is believed to be associated with excess asthma morbidity (1). Bed interventions were implemented in 11 homes. All treated beds received allergenimpermeable box spring, mattress, and pillow covers. Weekly professional laundering of nonencased bedding materials was performed in 6 homes, whereas in-home laundering was performed on bedding materials in the remaining 5 homes. Both interventions resulted in significant posttreatment decreases in bed HDM allergen concentration and load (p < 0.001; Figure 2 ). In the in-home laundry group, mean allergen concentrations decreased from 53.5 µg/g dust (pretreatment) to 12.9 µg/g (2 weeks posttreatment), an effect that persisted through the 8-week sampling period (Figure 2A) . Similarly, mean HDM allergen load decreased from 88.7 µg/sample (pretreatment) to 4.6 µg/sample (2 weeks postintervention) in this group (Figure 2B ). In the professional laundry group, mean allergen concentrations decreased from 23.4 µg/g dust (pretreatment) to 3.4 µg/g (2 weeks posttreatment), an effect that also persisted through the 8-week sampling period (Figure 2A ). Similar effects of professional laundering were observed for allergen load (Fig 2B) . Between-treatment analysis revealed that the professional laundry group had a significantly greater posttreatment reduction in mean allergen load compared to the in-home laundry group (p < 0.05) and that there was a trend toward greater posttreatment reduction in mean allergen concentration in the professional laundry group versus the in-home laundry group (p = 0.16). Postintervention-seived dust weights were significantly lower in the professional versus in-home laundry group (p = 0.02).
Ten homes were enrolled in the upholstery intervention arm of the study; five were randomized to receive intensive vacuuming and five were randomly assigned to receive dry steam cleaning. Intensive vacuuming of upholstered furniture resulted in a significant posttreatment decrease in mean allergen concentration and load (p < 0.001; Figure  3 ). Mean concentration values decreased from 64.4 µg/g dust (pretreatment) to 14.8 µg/g at the 4-week posttreatment sampling point ( Figure 3A) . Similarly, mean load values decreased from 67.1 µg/sample (pretreatment) to 12.8 µg/sample at 4 weeks ( Figure  3B ). Dry steam cleaning also resulted in a significant posttreatment decrease in mean allergen concentration and load (p < 0.005; Figure 3 ). Between-group analysis indicated no significant difference in the effectiveness of intensive vacuuming versus dry steam cleaning for the mitigation of HDM allergen in upholstered furniture on the basis of either recovered allergen concentration or allergen load (p > 0.5).
There were no statistically significant differences in indoor relative humidity between the baseline exam and the four follow-up exams (F-test p-value = 0.37). Thus, none of the interventions affected relative humidity, assuming that no confounding seasonal or temporal effects were present.
Discussion
In the National Cooperative Inner-City Asthma Study population, 49.4% of children's bedrooms had detectable levels of HDM allergen and 9.7% contained > 2 µg/g dust (19) . Importantly, 34.6% of children in this study had positive skin tests to HDM (by comparison 35.8% had positive skin tests to cockroach allergens). Together, these data indicate that exposure to HDM is prevalent in urban areas in the United States. We have shown here that physical interventions can reduce HDM allergens in beds, bedroom carpeting, and upholstered furniture. We have demonstrated that these interventions can be implemented effectively in low-income, urban homes and that they can cause a reduction in both allergen concentration and load at sites of HDM allergen exposure and harborage. However, the effects of interventions in clinical trials are often greater than the differences between groups in cross-sectional community studies that apply these interventions as an every-day routine or not (15) . These differences may be especially pronounced in low-income populations, where strict guidance by trained personnel may improve the intervention performance significantly. Thus, the conclusions of our study should be interpreted with caution.
Significant decreases in bedroom carpet allergens were achieved both by intensive vacuuming alone and by vacuuming in combination with steam cleaning. The decreases following a single vacuuming were transient, likely due to the minimal effect that vacuuming has on endogenous live HDM populations in carpet (20) . Other groups have come to similar conclusions regarding the efficacy of vacuuming alone in reduction of carpet HDM allergen levels (21, 22) . Additionally, failure to remove all of the deep dust in an old carpet may confound cleaning studies that measure the reduction in load of HDM allergen on the surface of the carpet. Indeed, a recent study of intensive vacuuming in which only part of the deep dust was removed resulted in a 67% increase in HDM allergen loading on the carpet surface (23) . In contrast, we found that dry steam cleaning resulted in a significant reduction in carpet HDM allergen that persisted for up to 8 weeks postintervention. These findings are consistent with the study by Colloff et al. (24) , which showed that steam cleaning alone is an effective mitocidal treatment for carpets. Importantly, the steam cleaning procedures used in this study are both widely available and inexpensive to implement. Thus, dry steam cleaning followed by intensive vacuuming may offer a simple, low-cost, nonchemical alternative to the use of acaricides in the management of HDM allergens in carpeting. Although removal of carpeting and replacement with smooth surfaces such as hardwood or vinyl remains the best method to reduce HDM allergens in flooring, this replacement method is expensive and may not be practical for residents of many low-income, urban homes.
Our results demonstrate that allergenimpermeable covers in combination with weekly laundering of nonencased bedding materials can result in reductions in bed HDM allergens, in accordance with results of previous tests of these methods (5, 9, 15, (25) (26) (27) (28) (29) (30) . The intervention that was implemented as part of this study resulted in bedding-dust HDM allergen concentrations < 10 µg/g, an exposure level threshold linked to asthma development (1) and acute asthma attacks (31) . Between-group analysis indicated that changes in HDM allergen load were statistically better for the professional laundry arm versus the in-home laundry arm (p = 0.03), whereas changes in concentration were not (p = 0.16). Interestingly, dust weights were significantly lower in the professional versus in-home laundry arm (p = 0.02), suggesting that professional laundry services reduced the recovery of dust. These data also suggest that compliance rather than laundry method (e.g., detergents or other additives, wash water, or dryer temperature) was the main determinant of the difference in results. Given the additional cost associated with weekly professional laundry of bedding, this intervention may not be warranted in light of the modest difference in allergen reduction compared to home laundering, particularly in a low-income, urban environment.
Both dry steam cleaning and intensive vacuuming led to small reductions in HDM allergen in upholstered furniture, but, unlike the data obtained for bedroom carpets, the decrease effected by steam cleaning did not appear to persist any longer than that of intensive vacuuming alone. This apparent discrepancy may be due the physical properties of upholstery versus carpet materials. In particular, upholstery materials may not allow for complete steam penetration resulting in lower HDM mitigation efficacy. Alternatively, upholstery cushions may promote high residual humidity due to water retention after steam treatment, which may therefore lead to increased HDM growth over time.
One limitation of this study is that the effects were not controlled by observations in homes without interventions, so changes in allergen levels could be attributed, at least in part, to seasonal and/or temporal variations. Indeed, it is well established that HDM allergen levels can vary over time and during different seasons (32, 33) . We observed a 4-to 8-fold reduction in pretreatment allergen concentrations after interventions in homes enrolled between July-March and followed for 8 weeks. Platts-Mills et al. (33) observed that HDM levels were lowest between April and June but varied much less (generally 2-to 3-fold) during the period between July and March. Thus, the magnitude of the reductions in our study exceed those expected due to variations in season and other temporal factors. We also compared data from the screening and baseline visits, which were separated in time by a mean of 54 days. We found no statistically significant differences between the screening and the baseline HDM allergen concentrations or loads at any of the three sites. Thus, minimal variations in allergen levels occurred during this prestudy "control" period. Finally, we directly controlled for seasonal variations and differences in HDM allergen levels between screening and baseline by treating these factors as covariates in our repeated measures analysis.
Several environmental factors have been shown to be associated with concentrations of HDM allergens, including indoor temperature and humidity (15, 33, 34) . We found no statistically significant differences in these variables between homes assigned to the different interventions for each of the three sites. Moreover, we directly controlled for differences in mean temperature and mean humidity across the baseline and follow-up exams by treating these factors as covariates in our between-treatment repeated measures analysis.
In summary, the results of this study in low-income, urban homes indicate that a) both intensive vacuuming alone and dry steam cleaning plus vacuuming can result in significant reductions in HDM allergens in bedroom carpet, with the combined modality producing a longer duration effect; b) impermeable covers combined with frequent washing of nonencased bedding materials can significantly reduce HDM allergen levels in the bed; and c) both intensive vacuuming and steam cleaning have a modest effect on HDM levels in upholstered furniture. The professional laundry bedding regimen and the carpet steam cleaning plus vacuuming method are effective at decreasing HDM allergens to levels below those associated with increased asthma morbidity, but not below the 2 µg/g threshold proposed as an allergen sensitization risk factor (31, 35) . These physical interventions will likely have to be repeated often to maintain modest, long-term HDM allergen control. It remains to be shown that controlling HDM allergen in the absence of cockroach control in the inner city will have an effect on asthma prevalence and/or morbidity. 
